The treatment of cancer using targeted radionuclide therapy is of interest to nuclear medicine and radiation oncology because of its potential for killing tumor cells while minimizing dose-limiting toxicities to normal tissue. The ionizing radiations emitted by radiopharmaceuticals deliver radiation absorbed doses over protracted periods of time with continuously varying dose rates. As targeted radionuclide therapy becomes a more prominent part of cancer therapy, accurate models for estimating the biologically effective dose (BED) or equieffective dose (EQD2 a/b ) will become essential for treatment planning. This study examines the radiobiological impact of the dose rate increase half-time during the uptake phase of the radiopharmaceutical. MDA-MB-231 human breast cancer cells and V79 Chinese hamster lung fibroblasts were irradiated chronically with 662 keV c rays delivered with time-varying dose rates that are clinically relevant. The temporal doserate patterns were: 1. acute, 2. exponential decrease with a half-time of 64 h (T d ¼ 64 h), 3. initial exponential increase to a maximum (half time T i ¼ 2, 8 or 24 h) followed by exponential decrease (T d ¼ 64 h). Cell survival assays were conducted and surviving fractions were determined. There was a marked reduction in biological effect when T i was increased. Cell survival data were tested against existing dose-response models to assess their capacity to predict response. Currently accepted models that are used in radiation oncology overestimated BED and EQD2 a/b at low-dose rates and underestimated them at high-dose rates. This appears to be caused by an adaptive response arising as a consequence of the initial low-dose-rate phase of exposure. An adaptive response function was derived that yields more accurate BED and EQD2 a/b values over the spectrum of dose rates and absorbed doses delivered. Our experimental data demonstrate a marked increase in cell survival when the dose-rate-increase half-time is increased, thereby suggesting an adaptive response arising as a consequence of this phase of exposure. We have modified conventional radiobiological models used in the clinic for brachytherapy and external beams of radiation to account for this phenomenon and facilitate their use for treatment planning in targeted radionuclide therapy.
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INTRODUCTION
Radiopharmaceuticals deliver absorbed radiation doses to various organs and tissues over protracted times. The temporal variation in dose rate during irradiation is dependent upon the biological uptake and clearance halftimes of the radiopharmaceutical in the tissue, and the physical half-life of the radionuclide. The dose-rate patterns that emerge are continuously variable and uniquely different than those encountered in other diagnostic and therapeutic modalities that usually involve either single or fractionated acute exposures. These dose-rate patterns are often characterized by an initial exponential increase to a maximum value followed by an exponential decrease. The dose rate increase half-time T i is the approximate time required for the dose rate to increase to one-half of its maximum value. Whereas, the dose rate decrease half-time T d is the approximate time required for dose rate to decrease to one-half of its maximum value (Fig. 1 ).
There is a wealth of literature regarding the biological effects of single or fractionated acute-exposure patterns, as well as for chronic irradiation at constant dose rate (1, 2) . Research has shown that responses to continuous irradiation are markedly different from responses to an acute exposure (3, 4) . Depending on the tissue irradiated, the underlying reasons behind these differences have been attributed to a multitude of factors such as cell cycle dependence of radiosensitivity, proliferation, cell signaling, inflammatory responses, adaptive responses, compensatory responses and many other factors such as linear energy transfer (LET) (1) . The relative importance of these factors depends on the dose rate and total absorbed dose. There is also considerable experimental data published on the effects of exponentially decreasing dose rates (3, 5, 6 ). Yet, there is a paucity of experimental data available regarding how the initial exponential increase in dose rate to a maximum, followed by an exponential decrease in dose rate, affects biological response under conditions that are not influenced by the spatial nonuniformities of absorbed dose that are often inherent in nuclear medicine. Behr et al. showed that slow effective uptake of the radiopharmaceutical by tumors was less effective than fast effective uptake at retarding the growth of subcutaneous human xenografts in mice (7) . This is relevant not only for targeted radionuclide therapies, but also for diagnostic nuclear medicine (8) . More data concerning biologic responses to the dose-rate patterns associated with these modalities could lend insight into the effectiveness and toxicity of new and existing procedures.
Moreover, modeling the biological response to ionizing radiation in the context of radiation therapy is also vital to plan and adjust treatment schedules. Dose-response models have been developed for single and multiple fractionated acute exposures (9, 10) . Dose-response models that were developed for fractionated therapy have also been adapted for brachytherapy and targeted radionuclide therapy (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . However, the majority of these dose-response models do not consider the impact of increasing dose rates, that occur during the uptake phase of the radiopharmaceutical, on biological response. Dose-response models have been developed to account for this phase of irradiation, however they are theoretical in nature and not based on experimental data (11, 14, 22) . The accuracy of these models has yet to be tested thoroughly. This experimental and modeling study examines the radiobiological impact of the dose rate increase half-time (T i ) during the uptake phase of the radiopharmaceutical, and then develops new approaches for calculating the biologically effective dose (BED) and EQD2 a/b for the multicomponent exponential dose-rate profiles encountered in nuclear medicine. Finally, suggestions are made as to how these models can improve treatment planning for radiopharmaceutical therapies. Table  1 contains a summary of all symbols used in the models, along with their corresponding units and references.
FIG. 1. Dose-rate pattern characterized by an initial exponential increase in dose rate, followed by an exponential decrease in dose rate. The dose rate increase half-time T i is the time required for dose rate to increase to about one-half of its maximum value. The dose rate decrease halftime T d is the time required for dose rate to decrease to about one-half of its maximum value.
MATERIALS AND METHODS

Cell Cultures
Triple-negative human breast cancer MDA-MB-231 cells and Chinese hamster V79 cells were maintained as monolayers in 75 cm 2 culture flasks (Corning Life Sciences, New York) at 378C and 5% CO 2 /95% air. The latter cell line was used to establish the approach with a cell line for which there are extensive data on dose-rate effects (chronic constant and exponentially decreasing) in the literature, including from our laboratory (5, 23) . Both cell lines were cultured in minimum essential medium (Cellgro). The medium was supplemented with heat-inactivated 10% fetal calf serum (Life Technologies), 2 mM L-glutamine (Cellgro), 50 units/mL of penicillin per milliliter, 50 lg/ mL streptomycin (Cellgro) and 5 mL nonessential amino acid concentrate (Cellgro) per 500 mL medium (MDA-MB-231). Cells were used for experiments at passages 3-7 and at 70-90% confluence. Cs gamma irradiator maintained at 378C as described in Pasternack et al. (24) . Triplicate flasks were placed at different distances from the 137 Cs source (Fig. 2 ) and irradiated chronically with 662 keV c rays with different doserates patterns (Fig. 3) ; the irradiation was terminated after 168 h. Dose-rate profiles for the position closest to the source are given in Fig. 3 , and dose-rate profiles for all positions are given in Supplementary Fig. S1 (http://dx.doi.org/10.1667/RR14766.1.S1). The dose rates received by the cells were calibrated as described below. After the 168 h irradiation period, the cell colonies were washed with phosphate buffered saline, fixed with ethanol, stained with crystal violet, and counted (colonies consist of .50 cells). The surviving fractions relative to controls were then calculated. Due to the longer doubling time of the human MDA-MB-231 cells, the irradiated flasks were placed in a 378C incubator for an additional 168 h to allow for further growth of the colonies. Additional flasks were similarly prepared with cells and irradiated for cell cycle analysis studies as described below.
Irradiation Procedure and Colony Forming Assay
In separate experiments using acute irradiation, flasks were similarly seeded with cells, incubated for 4 h, capped tightly and irradiated at a constant dose rate (2.6 Gy/min) for several minutes with 0-12 Gy c rays (JL Shepherd Mark I irradiator, San Fernando, CA). The flasks with V79 and MDA-MB-231 cells were then incubated for 168 and 336 h, respectively.
It should be noted that the relative biological effectiveness of the 662 keV c rays delivered by the 137 Cs irradiators may differ somewhat from the energetic beta particles emitted by radionuclides relevant to therapeutic nuclear medicine (e.g., 90 Y,
Re). However, these differences are expected to be very small provided that the radionuclide is not incorporated into nuclear DNA (25, 26) .
Dose-Rate Profiles
The dose rate was varied in a manner commensurate with the temporal pattern that would arise as a consequence of an organ or tissue that receives a self-dose from a radiopharmaceutical. In this scenario, the dose rate increase half-time and dose rate decrease halftime are equal to the effective uptake half-time and effective clearance half-time of the radiopharmaceutical. As described by Howell et al. (11) , these in turn are dictated by the biological uptake and clearance half-times of the radiopharmaceutical and the physical half-life of the radionuclide. Accordingly, dose-rate profiles in the present experiments were varied by changing the extrapolated initial dose rate (r o ), dose rate increase half-time (T i ), and dose rate decrease half-time (T d ) (11, 14) . The extrapolated initial dose rates depended on where the flasks were placed below the source, whereas T i and T d were the same for all positions. Extrapolated initial dose rates corresponding to the position closest to the source are depicted in Fig. 3B . The dose rate r(t) Linear parameter in LQ model.
Quadratic parameter in LQ model.
Eq. (3) a/b
Gy Ratio of alpha over beta. Eqs. (5)- (11) 
Rate constant for exponentially decreasing dose rate.
Rate constant for exponentially increasing dose rate.
EXPONENTIALLY INCREASING DOSE RATES and the absorbed dose D(t) delivered at time t after initiating irradiation are described elsewhere (11, 14) : 
Calibration of Extrapolated Initial Dose Rates
The RadNuc irradiator software was designed to irradiate a single sample and therefore only provides a calibrated extrapolated initial dose rate (r o ) value for a single position in the irradiator (24) . Details of the calibration of this software/irradiator are provided elsewhere (24) . It was necessary to determine r 0 for all positions at which cell culture flasks were placed from the top of the irradiator chamber. The r 0 for each position was then obtained using a trial and error approach wherein the dose rate increase and decrease half-times were entered into the RadNuc software, and then the r 0 was changed until the desired distance values were found. This is because the RadNuc software provides calibrated r 0 values when no flasks are present (24) . Accordingly, attenuation corrections for the presence of flasks are necessary to know the precise extrapolated initial dose rate and absorbed dose at each position.
Attenuation corrections were determined by first placing several pieces of pre-calibrated GAFchromic film on the bottom of each flask that was loaded with 5 mL of culture medium. The flasks were irradiated at constant dose rate for 24 h and the absorbed doses were recorded by the GAFchromic films at several flask positions. Replicate measurements were averaged and the ratios of the absorbed doses at each flask position relative to the absorbed dose received by the top flask positioned closest to the 137 Cs source (102 mm from top of irradiator chamber) were determined. These ratios, derived from GAFchromic film measurements, are a consequence of attenuation by the flasks and distance from the source. To isolate the attenuation correction from the effect of distance on the extrapolated initial dose rate, the ratio of the measured GAF chromic doses divided by the ratio of the calibrated extrapolated initial dose rates from RADNuc (r 0,calibrated ) was calculated for each flask position: 
where a and b are the LQ parameters. Biologically effective dose. The BED is defined as
where RE is the relative effectiveness of the irradiation regimen. In the case of acute irradiation with a single fraction, RE is given by:
The RE for incomplete decay (i.e., less than 10 half-times) derived by Dale to account for DNA repair, was used to calculate BED for the exponentially decreasing dose rates corresponding to the cell survival
FIG. 2. Photograph of the cabinet 137
Cs irradiator showing the position of the cell culture flasks that were irradiated with exponentially increasing and decreasing dose rates. The desired dose-rate pattern is achieved by varying the level of mercury in the attenuator (24) . Each layer of flasks receives successively lower extrapolated initial dose rates as the distance from the 137 Cs source increases, however the dose rate increase and decrease half times are the same at each position.
where r 0 is the initial dose rate, l is the rate constant for exponential sublethal DNA damage repair with first order kinetics (0.46 h -1 for V-79 cells and 0.23 h -1 for MDA-MB-231 cells) (15, 31, 32) , and
is the rate constant for an exponentially decreasing dose rate, and t is the time over which irradiation takes place. Using Eq. (6) and t ¼168 h, the RE and BED were calculated for each datum of the T d ¼ 64 h data set using their respective initial dose rates r 0 . Similarly, Table 2 .
the RE and BED were calculated for each datum point obtained for the acutely irradiated cells.
Howell et al. derived the RE for an exponentially increasing dose rate followed by an exponentially decreasing dose rate (14),
where
Tl , and T l is equal to the DNA repair half-time for monoexponential repair kinetics. Konijnenberg 
By substituting Eq. (7) into Eq. (8) we solve for G at time t for the regimen with exponentially increasing and decreasing dose rates:
where D(t) is the absorbed dose accumulated over the exposure time t.
In the present experiments, t ¼ 168 h, the time period that the cells were irradiated. Equieffective dose. The International Commission on Radiation Units and Measurements has defined the equieffective dose, EQDX, as ''the total absorbed dose delivered by the reference treatment plan (fraction size X) that leads to the same biological effect as a test treatment plan that is conducted with absorbed dose per fraction d and total absorbed dose D according to a relation adapted from the Withers formula'' (33). The equieffective dose for an acute irradiation where the absorbed dose is delivered in a single fraction and if the reference treatment is taken as 2 Gy fractions is given by:
As described elsewhere (1) and by Hobbs et al. (3), EQD2 a/b for regimens involving low-dose rates can be written as:
EQD2 a/b was calculated for each datum point using Eqs. (10) and (11) .
Proliferation. BED models have also been developed that include a proliferation term. Proliferation is a critical consideration when considering the effectiveness of targeted radionuclide therapy. For a tumor to be eradicated, cells must lose their reproductive integrity. This can occur via mitotic death or apoptosis (34) . If the dose-rate is so low that the rate of cell killing is lower than the rate of clonogenic potential, then any dose delivered at this dose rate, irrespective of its magnitude, is ineffective. This could have occurred with the dose-rate profiles used in the present experiments. Dale and Ling created models to account for proliferation of the cell population (35, 36) . These are summarized in the accompanying Supplementary Materials (http://dx. doi.org/10.1667/RR14766.1.S2
Integration of dose rate to obtain absorbed dose. It is important to note that most BED and EQD2 a/b equations for exponential dose rates are given in the literature for the limiting case where time is integrated to infinity, signifying complete decay of the source. While this does occur in the case of targeted radionuclide therapy, the current study was stopped after 168 h. At this time, approximately 80% of the absorbed dose for complete decay was delivered. The BED and EQD2 a/b [Eqs. (4), (6), (7), (9) and (11)] are for incomplete decay as is appropriate for the present study. Factors that were considered in this choice were time to complete experiments, cell doubling time and growth of control colonies. Therefore, the calculations were done for a time course of 168 h. (3)] using the Levenberg-Marquardt fitting algorithm in SigmaPlot V12.5. The data points were weighted to 1/SF to obtain the best fit. The parameters used to deliver the experimental dose-rate patterns and the fitted LQ parameters for the survival curves that result from the irradiations are provided in Table 2 . The a/b ratios for acute irradiation were 1.78 and 10.2 Gy for V79 and MDA-MB-231 cells, respectively, and were used for all subsequent radiobiological modeling.
Cell Cycle Analysis
RESULTS
Cell Cycle Analysis and Cell
Modeling the Radiobiological Effect
The mean absorbed dose for each datum point in Fig. 4 was used to calculate the corresponding EQD2 a/b ; the EQD2 a/b values for acute irradiation were calculated using Eq. (10), whereas Eqs. (9) and (11) were used for exponential dose-rate patterns. BED was calculated using Eqs. (4) and (5) for acute irradiation, and Eqs. (4) and (7) for exponentially increasing and decreasing dose rates. The surviving fractions for both cell lines are plotted as a function of EQD2 a/b and BED in Fig. 5 .
DISCUSSION
Dose-rate effects have long been a topic of importance to radiobiology (37) . The published experimental studies on dose-rate effects have largely focused on constant or monoexponentially decreasing dose rates. However, the effect of more complex dose-rate patterns of relevance to those encountered in nuclear medicine is understudied (7) . The current experiments demonstrate that exponentially increasing dose rates, which occur when radiopharmaceuticals are being taken up by organs and tissues, can have a profound effect on the radiotoxicity of subsequent exponentially decreasing dose rates, which occur after the maximum uptake of the radiopharmaceutical has taken place (Fig. 4) . Specifically, our experimental data demonstrates that the dose rate increase half-time, T i , plays a key role in reducing the lethal effects of the radiation insult and corroborates the theoretical considerations of Howell et al. (11) and Sefl et al. (22) . As T i increases, the shoulder of the survival curve flattens (i.e., a ! 0) and, correspondingly, a/ b ! 0 (Fig. 4 and Table 2 ). As shown, absorbed dose does not adequately predict surviving fraction and other approaches must be considered to predict the lethality of the complex dose-rate patterns considered herein.
The quantities EQDX a/b and BED were developed with the goal of providing a means to correlate biological response to fractionated and other protracted irradiation protocols with a dose-related quantity. As described in the methods, the EQD2 a/b and BED values were calculated for the present cell culture data using different published approaches depending on the irradiation conditions. In the case of acute irradiation with a single fraction, which serves as our standard, the calculated EQD2 1.78 values linearize the V79 cell survival data (Fig. 5A vs. Fig. 4A) (3) . However, it is apparent that the calculated EQD2 1 .78 values do not produce the expected straight-line dependence when the doses are delivered using complex dose-rate patterns including monoexponentially decreasing dose rate (Fig.  5A) . The EQD2 1.78 values are overestimated for nearly all of the data points in a manner that depends on T i and D. Whereas, in the case of high doses of exponentially decreasing dose rates the EQD2 1.78 values are underestimated (i.e., Fig. 5A , T i ¼ 0, T d ¼ 64 h, EQD2 1.78 ¼ 19 Gy). The same patterns emerge when the surviving fraction is plotted as a function of BED (Fig. 5A, upper ordinate) . Furthermore, similar patterns emerge for MDA-MB-231 cells, albeit less dramatic (Fig. 5B) .
It is apparent that the EQDX and BED calculations that use the approach of Dale for exponentially decreasing dose rates (13) , and the approach of Howell et al. for more complex dose-rate patterns (14), do not produce equivalent EQD2 a/b curves (Fig. 5) . This is most apparent for the case of the MDA-MB-231 cells with the exponentially decreasing dose-rate pattern (T i ¼ 0, T d ¼ 64 h). In other words, the approaches do not yield the same EQD2 a/b for the same biological effect. Modifications to the EQD2 a/b and BED equations are needed to correct for variables that are unaccounted for in the current model. Proliferation is an important consideration, but the BED proliferation model presented in the Supplementary Materials (http://dx.doi.org/ 10.1667/RR14766.1.S2) grossly overestimated the repopulation factors for V79 cells (RF ¼ 210-245 Gy) and consequently yielded negative BED values. A problem with the repopulation model for the present application is that the subtractive term is constant across all r 0 and T i values. This is in keeping with a suggestion by Dale (13) that the repopulation factor may be an over-simplification. Similar problems arise when using other models (22, 36) . Therefore, considerations other than proliferation are warranted.
There is ample data in the literature to suggest that adaptive responses may be playing a role in the cells' resistance to the complex dose-rate profiles studied herein (Fig. 3) . The survival curve shown in Fig. 4 appears to demonstrate some form of adaptive protection to the exponentially increasing dose rates as there was marked reduction in biological effect when the dose rate increase half-time was increased. Adaptive responses were originally shown in studies by Olivieri et al. by proving that low-level chronically irradiated human lymphocytes show fewer chromosome aberrations when followed by an acute insult of X rays (38) . Adaptive responses were also demonstrated by Azzam et al. who investigated the phenomenon in the context of DNA damage and transformation related to the carcinogenic effects of X (Table 2 ). Panel B: Cell survival curves for irradiated MDA-MB-231 human breast cancer cells. Flask positions were changed between successive experiments to achieve the desired number of logs of kill thereby resulting in somewhat different absorbed doses. Accordingly, data clusters on a graph of SF versus absorbed dose were averaged, and standard deviations were calculated for both SF and absorbed dose. Curves represent least squares fitting to the data to the linear-quadratic model. rays (39) . Subsequently, adaptive responses for exponentially increasing dose rates have been demonstrated by de Toledo et al. in quiescent normal human fibroblasts exposed to c rays (40). Buonanno et al. showed that pre-exposure of AG1522 cells to a low dose of low-LET protons protects against DNA damage caused by a subsequent exposure to high-LET energetic iron particles (41) . In addition, protective effects against high-LET iron ions are propagated to neighboring nonirradiated cells. Thus, exponentially increasing dose rates of c rays can initiate a cascade of intracellular and extracellular changes that make the tissue more resistant to subsequent exposure to radiation.
In light of the evidence for adaptive responses, one approach to converging the BED and EQD2 a/b plots for the different dose-rate profiles is to develop an adaptive response function. After noting a hinge region shown in Fig. 5 where the curve fits for T i 6 ¼ 0 cross the curve fit for acute irradiation, we attempted a simple adaptive correction by taking the ratio of r 0 over the maximum r 0 for each T i data set and found it to be remarkably good. Further analysis using the LQ fit parameters shown in Table 2 revealed that the r 0 required to achieve a given surviving fraction depends linearly on T i . Accordingly, we tested an empirical adaptive response correction factor to BED and EQD2 a/b that is a ratio of r 0 values wherein the denominator is the linear relationship: . The resulting plots of SF vs. EQD2 a/b and BED are shown in Fig.  6 . This empirical adaptive response function accounts for the reduced biological effect at low-dose rates from the exponentially increasing dose rates that are followed by exponentially decreasing dose rates. Figure 6A and B show a dramatic improvement in linearization of the data for V79 cells and MDA-MB-231 cells, respectively. The difference in the slope s ref for V79 and MDA-MB-231 cells suggests that the inherent ability of cells to adapt to exponentially increasing dose rate of c rays depends on cell type. It is likely that there will be tumor cell lines that demonstrate a variety of adaptive behaviors, which is a reflection of individual variability in tumor response to ionizing radiation.
Admittedly, the mechanisms responsible for our observations are not elucidated in the current study. Gaining The EQD2 values were calculated using Eq. (10) for acute irradiation (black line) and Eqs. (9) and (11) for the variable dose-rate patterns considered by Dale (13) and Howell et al. (14) . The BED was calculated according to Eq. (7) for exponentially increasing and decreasing dose rates and Eq. (5) for acute irradiation (black line). Note that the data corresponding to the variable dose-rate conditions do not lie on the acute curves (black lines), therefore the Dale and Howell models do not adequately predict the response. (43) . Further exploration of this phenomenon is warranted in other cell lines and animal models to determine whether it can be exploited in offering protection in the context of diagnostic nuclear medicine, or development of interventions in the context of therapeutic nuclear medicine. Among the considerations that should be explored are dose-rate patterns encountered with repeated administrations of radiopharmaceuticals and whether prior administrations affect the efficacy of subsequent administrations. In addition, these findings warrant further exploration of optimizing the physical half-life of the radionuclide to minimize normal tissue toxicity while maintaining therapeutic efficacy (11, 14) .
Another consideration is the possibility that the observed resistance conferred by exponentially increasing dose rates is simply due to cell cycle redistribution within the irradiated cell population. It is generally accepted that cells in S-phase cell cycle are more radioresistant than in G 1 . In each case, the squares of the differences between the EQD2 a/b values calculated with Eqs. (4) and (7) . However, no significant improvement was realized in the process. It is possible that use of more complex DNA repair models may improve the fit (44, 45) .
Because of the chronic nature of the radiation, the present clonal cell survival studies are conducted by seeding flasks at low density with sufficient cells to form a countable number of colonies. Similar conditions were undertaken by Mitchell et al. who studied the effects of low-dose rates on V79 cells (23) . Their clonal cell survival studies demonstrated pronounced dose-rate effects. They found that when cells were irradiated at constant dose rates of 55 cGy h -1 , repair and cell division were the major factors affecting the surviving fraction. At 154 cGy h -1 cell division was blocked and cell cycle redistribution and repair dominated. Comparisons with the present data are complicated given that we delivered complex dose-rate patterns at dose rates even lower than 55 cGy h -1 ( Fig. 2 and Supplemental Fig. S1 ; http://dx.doi.org/10.1667/RR14766.1.S1). Our experimental data and modeling suggest that repair and cell cycle redistribution may be involved but may not explain our observations entirely. Interestingly, fractionated high-doserate studies with 2 Gy/day halted mitotic entry in basal skin cells by day 3, whereas this is overcome weeks later after sufficient cell depletion and despite ongoing exposures of the same fraction size (46) . These complexities point to the need for studying such effects in vivo over long terms. The current study only looks at shorter term effects in vitro and the increment in dose rate particularly, how the cell kinetic distribution can change and adaptive responses emerge. These may be quite different according to the cell type (normal or neoplastic) with and without check point control losses. In fact, if normal tissue responses are affected by dose rate increase half-time more substantially than neoplastic tissues, this could support the use of longer lived radionuclides in targeted therapies (11, 12, 14) .
Adaptive responses have also been reported for high-LET radiations (47, 48) and modeling by Leonard (49) suggests that the alpha-particle data of Brooks supports adaptive behavior (50, 51) . On the other hand, recent work indicates that alpha particles emitted by internalized 226 Ra do not elicit an adaptive response (52) . Therefore, more work is needed to determine whether the dose-rate patterns used in the current work elicit adaptive responses in the context of targeted radionuclide therapy with alpha-particle emitters.
Finally, it should be noted that there are other radiobiological dose-response models that have been advanced over the years. For example, the time dose fractionation (TDF) model was advanced and then modified for use in the context of nuclear medicine (53) (54) (55) . It may be possible that these and other models (56) may be able to be adjusted to fit the needs of the complex dose-rate patterns encountered in nuclear medicine. Essential to the clinical implementation of these models is information regarding the uptake and clearance half-times in the tumor and normal tissues. Such data can be garnered on a patient-specific basis from imaging studies derived from SPECT/CT studies with the therapeutic ligand labeled with 111 In or other suitable radionuclides, such as in the case of Zevalin t (57) . These data, coupled with radiobiological models such as those presented here, could be used to guide the therapeutic administration.
CONCLUSIONS
The goal of targeted radionuclide therapy is to provide clinicians with the ability to deliver high radiation doses to micrometastatic disease while sparing normal tissues. It is critical to understand the radiobiological effects of the doses being delivered to the targeted and nontargeted tissues to ensure that optimal treatment plans are created. The current work characterizes the response of cells to complex doserate patterns encountered in nuclear medicine and demonstrates that the initial phase of the dose-rate pattern of low-LET radiation can have a profound impact on the biological effect of given radiation absorbed dose. Current models for calculating BED and EQD2 a/b account for DNA repair but do not account for this apparent adaptive response. Here, an adaptive response function is advanced to more accurately calculate BED and EQD2 a/b values for the exponentially increasing and decreasing dose rates of low-LET radiation encountered in targeted radionuclide therapies.
